In this paper, we consider the recently proposed hybrid metric-Palatini gravitational theory, which consists of adding to the Einstein-Hilbert Lagrangian an f (R) term constructedà la Palatini. Using the respective dynamically equivalent scalar-tensor representation, we explore the cosmological evolution of a specific model, given by f (R) ∝ R 2 , and obtain constraints on the free parameters by using different sources of cosmological data. The viability of the model is analysed by combining the conditions imposed by the Supernovae Ia and Baryonic Acoustic Oscillations data and the results are compared with the local constraints.
Einstein-Hilbert Lagrangian an f (R) term constructed a la Palatini [13] . Using the respective dynamically equivalent scalar-tensor representation, it was shown that the theory can pass the Solar System observational constraints even if the scalar field is very light. This implies the existence of a long-range scalar field, which is able to modify the cosmological and galactic dynamics, but leaves the Solar System unaffected. This has motivated further research in this promising model. In fact, it was shown that the theory can also be formulated in terms of the quantity X ≡ κ 2 T + R, where T and R are the traces of the energy-momentum and Ricci tensors, respectively, and the variable X represents the deviation with respect to the field equation trace of GR. The cosmological applications of this hybrid metric-Palatini gravitational theory were explored [14] , and criteria to obtain cosmic acceleration were discussed. Several classes of dynamical cosmological solutions, depending on the functional form of the effective scalar field potential, describing both accelerating and decelerating Universes were explicitly obtained and a dynamical system was explored, which was further explored in [15] . The problem of dark matter was also addressed in the context of the hybrid theory [16] [17] [18] . We refer the reader to Ref. [19] for a recent review.
The cosmological perturbation equations were derived and applied to uncover the nature of the propagating scalar degree of freedom and the signatures these models predict in the large-scale structure. The evolution of the linear perturbations in the hybrid theory was analysed in [20] , where the full set of linearized evolution equations, for the perturbed potentials in the Newtonian and synchronous gauges, were derived in the Jordan frame. It was concluded, that for the specific model used, that the main deviations from GR arise in the distant past, with an oscillatory signature in the ratio between the Newtonian potentials. Furthermore, two particular models of the hybrid metric-Palatini theory were introduced [21] , and their background evolution was explored. It was shown explicitly that one recovers GR with an effective Cosmological Constant at late times. This is due to the fact that the Palatini Ricci scalar evolves towards and asymptotically settles at the minimum of its effective potential during cosmological evolution.
In this work, we consider the respective dynamically equivalent scalar-tensor representation of the hybrid metric-Palatini theory and explore the cosmological evolution of a specific model, given by f (R) ∝ R 2 . Furthermore, we obtain constraints on the free parameters by using different sources of cosmological data. More specifically, the viability of the model is analysed by combining the conditions imposed by Supernovae Ia and Baryonic Acoustic Oscillations (BAO) data and the results are compared with the local constraints.
This paper is outlined in the following manner: In Section II, we present the general formalism of the hybrid metric-Palatini theory, in particular, the action and the field equations in the curvature approach and the scalartensor representation. In Section III, we consider the weak field limit of the hybrid gravity, and present the condition to pass the local tests. In Section IV, we consider a particular model which is then confronted with cosmological observations. More specifically, the cosmological evolution of the model is analysed and constraints on the free parameters are obtained by using different sources of data, and the viability of the model is analysed by combining the cosmological and local constraints. We finally present and discuss our results in Section V and conclude in Section VI.
II. HYBRID METRIC-PALATINI GRAVITY

A. Action and field equations
In the present manuscript, we consider a class of hybrid metric-Palatini gravity given by the Hilbert-Einstein term and an arbitrary function of the curvature scalar, which is constructedà la Palatini. This can be expressed by the following Lagrangian [13] :
1) where κ 2 = 8πG, R is the Ricci scalar defined in terms of the Levi-Civita connection of the metric g µν while R ≡ g µν R µν is the Palatini curvature, where the Ricci tensor is defined in terms of an independent connectionΓ α µν as
By varying the action (2.1) with respect to the metric, the following field equation is obtained:
where f R = ∂f (R)/∂R and the energy-momentum tensor is defined as usual by
. Then, varying the action (2.1) with respect to the independent connectionΓ λ µν yields
(2.4) It is straightforward to show that the connectionΓ λ µν is compatible with the metric f R g µν , which is basically a conformal transformation of the metric g µν . Hence, both Ricci tensors are related by a conformal factor, such that:
In addition, by taking the trace of the field equations (2.3), the curvature R can be expressed in terms of the curvature R and the trace of the energy-momentum tensor [14] : 6) which can be solved algebraically to obtain R = R(X).
Note that the trace of the Einstein equations gives κ 2 T + R = 0, such that the new variable X may be used to measure deviations from GR. Moreover, the field equations can be expressed in terms of the metric g µν and X, such that for a particular cosmological solution the corresponding action can be easily reconstructed by inverting the equation (2.6).
In the next section, the scalar-tensor representation of the theory is explored, which yields interesting properties that are shown in the subsequent sections and allows us to study the cosmological behaviour of a viable model by using such a framework.
B. Scalar-tensor representation
As in the case of the metric and Palatini f (R) gravities, the action (2.1) can be expressed in terms of a scalar field, which simplifies the analysis, such as the study of the Newtonian law corrections or the study of cosmological solutions within hybrid f (R) gravity, as shown in the next sections. In such a case, the action is given by [13] 
Then, by varying the action with respect to the scalar field φ, it yields,
Hence, the original action (2.1) is recovered provided that Eq. (2.8) is invertible,
where the scalar field and the potential are given by
respectively. Besides Eq. (2.8), the field equations are obtained by varying the action (2.7) with respect to the metric and the independent connection, leading to: 12) respectively. These equations are equivalent to those given in Eqs. (2.3) and (2.4) as can easily be shown by using Eq. (2.10). As stated above, the solution for Eq. (2.12) is given by the Levi-Civita connection of the metric φg µν , that is conformally related to g µν , such that the Ricci tensor R µν is conformally transformed (2.5), and we have
Here the last term in the expression of R is a total derivative, such that the action (2.7) is given by:
This is the action of a non-minimally coupled scalar field with a non-canonical kinetic term which mimics somehow the Brans-Dicke theory except for the self-interacting term of the scalar field and the coupling to the curvature. The field equations become
respectively. In comparison to the pure Palatini case, the scalar field is dynamical when assuming the hybrid action (2.1), as shown by Eq. (2.17).
In the next section, we review the weak field limit of R + f (R) gravity and consider a particular model which is then confronted with cosmological observations.
III. NEWTON LAW CORRECTIONS IN R + f (R) GRAVITY
In order to study the corrections induced by the extra scalar field at local scales such as the Earth or the Solar System, we proceed to analyse the correction to the weak field limit, similarly as performed in Ref. [22] for the metric/Palatini case. Then, one considers the metric to be quasi-Minkowski at local scales where the cosmological evolution has negligible effects and the scalar field is also approximated to its asymptotic value, which is assumed constant around the present time. Hence, the weak field limit may be expressed as follows:
As shown in [13] for the hybrid action (2.1), the field equations (2.16) and (2.17) for h µν and φ 1 (x) at linear order yield:
Here ∇ 2 is the 3D Laplacian of flat space and
is the effective mass of the scalar field. The general solution assuming spherical symmetry and far from the sources was found in Ref. [13] , and yields:
where M = d 3 xρ is the mass of the source, G eff is the effective Newtonian constant and γ is the post-Newtonian parameter, both given by:
In order to avoid large corrections at scales of the Earth or the Solar System, the effective Newtonian constant has to be approximately G and the post-Newtonian parameter γ ≈ 1. Hence, contrary to the case of metric f (R) gravity where a large mass of the scalar field m φ is required, which scales with the curvature through the chameleon mechanism in order to satisfy the observational constraints [23] , in the hybrid gravity case described by the action (2.1), just a small value of |φ 0 | ≪ 1 is required. Nevertheless, a positive mass m 2 φ > 0 is also needed in order to avoid instabilities.
Let us now introduce the model that is constrained in the next section in order to test the local constraints provided by (3.6),
where {V 0 , V 1 } are constants. By using the scalar-tensor representation (2.7) or equivalently (2.15), the corresponding self-interacting term for the scalar field is given by
Hence, in order to avoid deviations from Newton's law at local scales (3.6), one requires to have φ 0 ≪ 1 while the scalar mass should be positive:
Thus, the model (3.7) is consistent at local scales as far as the above conditions hold. In the next section, the cosmological evolution of the model (3.7) is analysed and constraints on the free parameters are obtained by using different sources of data. The viability of such models is analysed by combining the cosmological and local constraints.
IV. FLRW COSMOLOGIES IN HYBRID GRAVITY
Let us now study the cosmological evolution of the above model.
Here we assume a flat FriedmannLemaître-Robertson-Walker (FLRW) metric:
where a(t) is the scale factor. In this work, we consider a perfect fluid,
where ρ m and p m are the energy density and pressure for the matter content of the universe. Hence, by the field equations (2.16) and (2.17), the FLRW equations become [14, 19] :
where H =ȧ/a is the Hubble parameter, while the scalar field equation yields:
In addition, the continuity equation for the matter perfect fluid is given bẏ
Here we are focusing on the late-time epochs, so that we can neglect the radiation contribution and assume a pressureless fluid for the barionic and dark matter content w m = p m /ρ m = 0. Then, the continuity equation (4.5) can be easily solved in terms of the scale factor and the redshift, z:
where 1+z = (a 0 /a) is used. Since our aim is to constrain the model (3.7) by using specific observational data, the FLRW equations should be expressed in terms of an observable as the redshift instead of the cosmic time, which leads to:
and
where Ω m = κ 2 ρ m0 /(3H 2 0 ) and H 0 is the Hubble parameter evaluated today. Hence, we can solve the equations (4.7) and (4.8) to draw the cosmological evolution provided by the model (3.8). To do so we identify the free parameters of the model as {V 0 , V 1 , φ 0 , φ 1 , H 0 }, where φ 0 and φ 1 are the scalar field and its first derivative at z = 0 respectively. However, by the sources of data used in this analysis, the Hubble parameter is dropped out while V 0 can also be removed by using the equation (4.7) as a constraint equation to satisfy the flatness condition evaluated at z = 0:
Here Ω φ accomplishes for all the extra terms in (4.7). Then, we obtain the following expression relating the free parameters:
Hence, the only free parameters that remain are {Ω m , V 1 , φ 0 , φ 1 }, which are constrained by using Supernovae Ia and Baryonic Acoustic Oscillations (BAO) and the results compared with the local conditions obtained in the section above.
In the following, all the observational data used to constrain the model is explained, which are SNe Ia and BAO data. Since the hybrid metric-Palatini gravity model presented here is assumed to represent a late-time parametrization, which recovers ΛCDM at high redshifts, we do not consider CMB data, particularly the angular scale of the sound horizon and the scale distance to recombination, as they do not provide any extra constraint on the free parameters of the model. In addition, the curvature of the model is assumed to be flat as a prior, since the peaks of the power spectrum from the CMB are very sensible to this value, providing a strict bound given by Ω k < 0.005 [24] , which can be considered negligible at small redshifts. The analytical form of the χ 2 expression used for each SN and BAO dataset is shown, which will be then minimized to perform the statistical analysis from the Bayesian approach.
A. SNe Ia data
The Union2.1 compilation [25] dataset was chosen for our SNe Ia test, which comprises of 580 Type Ia Supernovae distributed in the redshift range 0.015 < z < 1.414. Besides the distance modulus µ(z i ) for each SN, the full statistical plus systematics covariance matrix of the survey is also given. The definition of distance modulus is
where the dimensionless luminosity distance d L is given by
and µ 0 is a nuisance parameter which include all the information related with constants, like the value of Hubble constant H 0 and the SNeIa absolute magnitude. E(a) is given by the adimensional Hubble function of the model, once it is numerically solved from Eq. (4.7)-(4.8). A vector can be defined with the difference between model and observed magnitudes,
and we build the SNe contribution to the χ 2 using the covariance matrix C from [25] ,
However, this contribution to the χ 2 from the SNe data contains the nuisance parameter µ 0 . An analytical marginalization can be done over the µ 0 nuisance parameter [26] , changing the χ 2 contribution of the SNe Ia data, after marginalizing, to the form of
where
with 1 standing for the identity matrix and T for transpose.
B. BAO data
From WiggleZ Dark Energy Survey data [27] , we have used the Alcock-Paczynski distortion parameter F (z) for the BAO test. This observable is defined as
where the angular-diameter distance is
. Thus, the last step to compute the χ 2 contribution of the BAO data is (4.19) where
) and X mod is the data vector created using the model which is being tested.
V. RESULTS AND DISCUSSION
To perform the statistical Bayesian analysis, the minimisation of the χ 2 is done by using the Markov Chain Monte Carlo (MCMC) Method [28] [29] [30] . The model contains four free parameters {Ω m , V 1 , φ 0 , φ 1 }, where φ(z = 0) = φ 0 and φ ′ (z = 0) = φ 1 are the initial conditions for the scalar field. The priors used in the MCMC computation are all broad constraints: for the matter we set 0 < Ω m < 1, and for the initial condition parameters −10 < φ 0 < 10 and −10 < φ 1 < 10, while the quadratic .15) is not longer valid at φ = 0, where the conformal factor that relates R and R diverges. At such point, the theory (2.1) reduces to GR with a cosmological constant as can be seen by the action (2.7), i.e., the theory reduces to ΛCDM in that case, a limit that may be achieved in the model dealt in this paper (3.7) when R → 0.
The convergence of the MCMC's results were tested using the method of [31] , where almost every parameter has correctly converged. The single parameter that did not fully converge was V 1 /H 2 0 , being its convergence at the edge of acceptable. Nevertheless, all chains have shown the same minimum in the parameter space, even for the V 1 /H 2 0 parameter. Thus, these results of the MCMC's are summarised in Table I . As shown, the minimum χ becomes smaller. However, the differences on the value of χ 2 red among the models is not significant enough to rule out this model of hybrid gravity. In addition, as pointed above, the hybrid model (3.7) contains ΛCDM as a possible limit. As shown in Table I and Fig. 2 , the case φ 0 = 0 is within the 1σ region, as expected. Moreover, the range values for Ω m becomes very large as the auxiliary scalar field may behave as a pressureless fluid for large redshifts.
On the other hand, combining the results of the fits summarised in Table I and the local constraint given by the conditions (3.9) to avoid Newtonian corrections, we may conclude whether hybrid gravity may be kept as a viable candidate for dark energy. Note that the initial value for the scalar field should be φ 0 ≪ 1, such that we restrict the analysis to those values of the 1σ region in Fig. 1 which accomplishes such constraint. Then, in Fig. 2 the evolution of the scalar field is depicted. In the right panel, the initial condition for φ 0 is fixed while the scalar potential varies according to the values of the 1σ region for V 1 and V 0 , while the dashed lines represent the constraint (3.9) on the mass of the scalar field, which varies according to V 1 and V 0 . Here we have assumed the mean value in Table I for φ 0 . In the right panel, the scalar potential is fixed at V 1 = −15 and the initial value of the scalar field varies. As shown in the right panel, the scalar field tends to zero at large redshifts, converging to the ΛCDM model in the past, but only some values of the scalar potential satisfy the constraint (3.9). Hence, whether the quadratic term of the potential V 1 < 0, the initial value of the scalar field should be φ 0 > |V 0 /2V 1 |, and close to zero, while the initial conditions can be set more freely when V 1 > 0.
Nevertheless, even small values of the scalar field φ, together with a small mass, may induce corrections on the gravitational constant and the post-Newtonian parameter (3.6). According to recent experiments, the gravitational constant is given by G = 6.67408 × 10 −11 m 3 kg −1 s −2 with an uncertainty of approximately 0.05%, which means 500 parts per million [32] . On the other hand, the Cassini tracking estimates a value of γ = 1 with a very small deviation [33, 34] . Hence, the following constraints should also hold in order to satisfy the experiments requirements:
Hence, the deviations in our model, which are expressed by Eqs. (3.6) will impose a small enough value of the scalar field to satisfy the constraint on G, whereas for the post-Newtonian parameter γ, a sufficiently large mass of the scalar field may be enough. For the model studied in this paper, the scalar field mass is given by Eq. (3.9), which in units of length can be rewritten as follows:
Here,
. Let us first consider two particular extreme cases:
• For a large mass, m φ r ≫ 1, so e −m φ r ≈ 0, it yields:
Hence, the constraint on the post-Newtonian parameter is satisfied as far as the mass of the scalar field is large (and the value of the scalar field itself small), so the constraint on the gravitational constant provides the bounds on the scalar field:
• For a small mass, m φ r ≪ 1, so e −m φ r ≈ 1. Then, the corrections yield:
The second equation is much stricter than the first, so the following bounds on the scalar field are obtained:
We can now combine the above restrictions with the constraints obtained by using cosmology. By analysing the 1σ region of the free parameters of the model depicted in Fig. 1 and summarised in Table I , the mass of the scalar field turns out to be m φ = 1 − 3H 0 at the present time, which leads to a very small mass and m φ r ≪ 1 at local scales as the Earth or the Solar System. Hence, in order to avoid corrections on the gravitational constant, neither on γ, the constraint (5.6) should be satisfied. In this sense, Fig. 1 shows that the value of the scalar field today φ 0 can be set as small as required, so the above constraint (5.6) is satisfied. In addition, Fig. 2 shows that for the range of redshifts studied in the paper (and where the model is assumed to be effective), the evolution of the scalar field can be kept small to accomplish the above requirement. Nevertheless, local constraints impose much stricter conditions on our model.
VI. CONCLUSIONS
In this paper we have focused on the analysis of the socalled hybrid gravity, where GR is slightly modified by including a non-metric curvature term. Then, by using an auxiliary scalar field, one can easily show that such a theory of gravity is equivalent to a Brans-Dicke-like action, such that the analysis turns out easier. Nevertheless, such an equivalence breaks down in the limit where GR is recovered. By studying the weak field limit of the theory, the effective Newton constant and the post-Newtonian parameters are obtained, which depend not only on the mass of the scalar field (as occurs in chameleon fields) but on the background value of the scalar field itself, as shown in Ref. [13] , such that a small enough value of the scalar field may be enough to avoid violations at local scales, in contrast to the large mass required in the chameleon mechanism. Then, a simple model is proposed where the constraints on the free parameters of the theory are obtained.
The cosmological evolution of the model is studied by assuming a flat FLRW universe, where the auxiliary scalar field is responsible for the late-time cosmic acceleration, or in other words, the non-metric part of the action. By using Supernovae Ia data and Baryonic Acoustic Oscillations data, the free parameters of the model are fitted through an MCMC analysis. The values of χ 2 and χ 2 red are obtained and compared to the ΛCDM model. The values of χ 2 red do not differ significantly, such that hybrid gravity remains as a possible candidate for dark energy. Moreover, the quadratic term of the scalar potential is well constrained, concluding that it would likely be greater than zero. Nevertheless, the errors on the free parameters turn out much larger, particularly on the value of the matter density Ω m , since the number of parameters is larger than in the ΛCDM model and the scalar field may mimic a pressureless fluid at large redshifts.
However, when comparing the cosmological constraints to the local ones, we found out that the value of the scalar field today determines whether the cosmological constraints and the local ones are both satisfied at the same time, since the mass of the scalar field remains very small within the 1σ region of the free parameters. Hence, the value of the scalar field today φ 0 becomes much better constrained, reducing its viable range noticeably around zero, where General Relativity with a cosmological constant is recovered. In this sense, the model turns out to be suitable for passing the local and cosmological restrictions satisfactorily.
Hence, we can conclude that modifications of GR in the way of breaking the metricity condition are not ruled out, but severe constraints are imposed. Future analysis of the perturbations and the growth of large scale structure may provide additional information and constraints on this type of models. 
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−10 from table I, the inner red line refers to the mean value. The dashed lines represent the constraint φ < V0/2V1 from (3.9) for the mean value (red) and the upper and down limits (blue). Right panel: evolution of the scalar field for different initial conditions φ0, the red line gives the mean value in table I and the dashed line provides the newtonian constraint 3.9.
